The recent boom in shale gas development in the Marcellus Shale has increased interest in the methods to distinguish between naturally occurring methane in groundwater and stray methane associated with drilling and production operations. This study evaluates the relationship between natural methane occurrence and three principal environmental factors (groundwater redox state, water type, and topography) using two pre-drill datasets of 132 samples from western Pennsylvania, Ohio, and West Virginia and 1417 samples from northeastern Pennsylvania. Higher natural methane concentrations in residential wells are strongly associated with reducing conditions characterized by low nitrate and low sulfate (
Introduction
The historical occurrence of methane in residential water wells in parts of the Appalachian Basin (Pennsylvania, New York, West Virginia) has long been recognized as a natural phenomenon (Blackman 1873; Lohman 1939; Soren 1963; Mathes and White 2006; Breen et al. 2007; Susquehanna Historical Society 2010; Williams 2010; Kappel and Nystrom 2012; Perry et al. 2012; Heisig and Scott 2013; Molofsky et al. 2013; Sloto 2013; Baldassare et al. 2014; Siegel et al. 2015a Siegel et al. , 2015b . However, the recent boom in gas development in the Marcellus Shale has led to increased concern over the potential for stray methane impacts from shale gas extraction activities on drinking water resources. This concern, in turn, has led to a greater need for scientific methods to distinguish between natural and anthropogenic occurrence of methane in water wells.
The isotopic and molecular composition of different sources of methane gas has been successfully used to determine the origin of gases in water wells (e.g., Fuex 1977; Schoell 1990; Clayton 1991; Coleman 1994; Baldassare and Laughrey 1997) . In addition, the practice of sampling proximate water wells prior to the drilling of shale gas wells (i.e., "pre-drill" sampling) has become commonplace to establish baseline groundwater quality for comparison to "post-drill" groundwater conditions. Nevertheless, these methods do not always clearly discriminate between naturally occurring methane and stray gas. For example, methane from gas-charged units that are either intersected or targeted for production by shale gas wells can also, in some areas, naturally migrate into shallow groundwater through existing fault and fracture networks (Baldassare et al. 2014 ). In addition, changes in concentrations of methane and other water quality parameters over time (e.g., an increase in methane from 3 to 10 mg/L) can be associated with natural variability rather than shale gas extraction activities (Coleman et al. 2012) . In these instances, additional information regarding the expected range of natural methane concentrations in groundwater can provide another important line of evidence for assessing whether elevated methane concentrations in water wells are related to nearby gas extraction activities or natural phenomena.
In the Appalachian Basin, naturally elevated concentrations of methane in residential wells have been associated with (1) topography, where methane occurs more frequently in valleys than uplands (Mathes and White 2006; Heisig and Scott 2013; Molofsky et al. 2013; Siegel et al. 2015a Siegel et al. , 2015b ; (2) water type, where methane occurs more frequently in sodium (Na)-and chloride (Cl)-rich waters than calcium (Ca)-rich waters (Perry et al. 2012; Warner et al. 2012; Molofsky et al. 2013; Darrah et al. 2014; McPhillips et al. 2014; Siegel et al. 2015b) ; and (3) aquifer type, where methane occurs more frequently in confined bedrock aquifers (Kresse et al. 2012; Heisig and Scott 2013; Siegel et al. 2015b) . The presence of elevated dissolved methane concentrations in valley settings has been attributed to a number of factors, including (1) enhanced fracture networks in valleys that may serve as natural pathways for methane migration, (2) thinner freshwater flow systems in valleys (vs. uplands) that are in closer proximity to underlying methanecharged brine units, (3) confining units of glacial-drift deposits in valleys that may both slow groundwater flow and impede the loss of methane to the atmosphere, and (4) upward groundwater flow gradients in valleys that assist (and at a minimum do not impede) the upward seepage of methane (Mathes and White 2006; Heisig and Scott 2013; Molofsky et al. 2013; Siegel et al. 2015b) . Similarly, it has been suggested that the association of Na-and Cl-rich water types with elevated dissolved methane concentrations implies access to deeper groundwater units that have experienced longer groundwater residence times (and therefore longer rock-water interaction times) and/or are in contact with transitional saline groundwater or brine Heisig and Scott 2013; Molofsky et al. 2013; Darrah et al. 2014; McPhillips et al. 2014; Siegel et al. 2015b) .
In addition to these factors, dissolved methane concentrations in an aquifer should exhibit a strong relationship with the redox state. Specifically, methane can be produced by methanogenic bacteria under highly reducing conditions (a process known as methanogenesis). However, methane can also be consumed by methanotrophs in the presence of oxygen or other electron acceptors (Table S1 , Supporting Information). In this case, the co-consumption of methane and electron acceptors leads to strongly reducing conditions (characterized by a relative lack of electron acceptors) (e.g., Kelly and Matisoff 1985; van Stempvoort et al. 2005) . Aerobic degradation reactions typically proceed on a rapid timescale relative to subsurface transport processes (Weidemeier et al. 1999) . As a result, either the methane or oxygen is typically completely consumed, leaving the remaining portion of one or the other. Conversely, if methane enters an environment devoid of oxygen or other electron acceptors (i.e., an environment that is already highly reducing), the methane may remain undegraded for an extended period of time.
The relationship between methane concentrations and redox dynamics has not been systematically investigated in residential water wells. This relationship could be confounded by (1) in-well mixing of water from different flow pathways or fractures, and (2) gas-phase transport of methane (e.g., Gorody 2012; Siegel et al., 2015b) . These factors may be particularly relevant in the Appalachian Basin, where most water wells are open-borehole completions fed by fracture flow. To increase storage capacity, these water wells often have long boreholes that intersect multiple fractures. In some cases, the primary fracture providing water to the well may not be the same fracture that is yielding the majority of the naturally occurring methane. Furthermore, the rate and extent of methane oxidation occurring within the wellbore itself is generally unknown. Consequently, the relationship between methane and redox conditions in residential water wells remains an open question.
This study investigates the relationship between naturally occurring methane concentrations and the prevailing groundwater redox condition in residential water wells located in two areas in the Appalachian Basin: (1) Susquehanna County in northeastern Pennsylvania (1417 water wells), and (2) a larger geographic area consisting of 20 smaller counties in western Pennsylvania, Ohio, and West Virginia (132 water wells). We consider groundwater redox condition in combination with two other principal environmental factors, namely topography and water type, to assess their predictive power regarding natural methane occurrence. These datasets are comprised of water quality samples collected by oil and gas operators prior to starting nearby shale gas extraction activities (i.e., "pre-drill" samples) in the respective areas. Such datasets provide a significant number of samples obtained using standard sampling and analytical methods currently utilized by operators (and likewise regulators) to evaluate baseline conditions. A better understanding of the relevant environmental factors associated with naturally highly dissolved methane concentrations in groundwater can support improved methods for distinguishing between naturally occurring methane and stray gas impacts.
Research Methods

Residential Water Wells Sampled
The dataset for this study includes water quality results from 1549 individual residential water wells, of which 1417 wells are located in northeastern Pennsylvania and 132 are located in western Pennsylvania, Ohio, and West Virginia (Figure 1) . In an effort to ensure that the data were representative of natural water quality prior to drilling (i.e., pre-drill) the proposed shale gas wells, only samples from water wells located 2500 ft or more from the nearest shale gas well at the time of sampling were included in the study (consistent with the pre-drill sampling radius established by the Pennsylvania Department of Environmental Protection, PA DEP 2012). The majority of water wells in these areas are open-hole completions penetrating fractured sedimentary bedrock aquifers primarily comprised of sandstone with interbedded siltstone, limestone, shale, and/or coal. These aquifers include the Upper Devonian Catskill and Lock Haven Formations (northeastern Pennsylvania) and Permian and Pennsylvanian Aquifers of western Pennsylvania, West Virginia, and Ohio (Piper et al. 1933; Lohman 1937 Lohman , 1939 Taylor 1984; Kozar and Mathes 2001; Swistock 2007; Chambers et al. 2012; Ohio EPA 2014; PaGWIS 2014) . The movement of groundwater in these formations is dominated by fracture flow (Hollowell and Koester 1975; Geiser and Engelder 1983; Taylor 1984) . A smaller proportion of residential water wells draw from surficial deposits of alluvium and/or glacial drift, which can be tens of meters thick in valleys in northeastern Pennsylvania (Aber 1974; Sevon et al. 1975; Inners and Fleeger 2002; Braun 2006; Chambers et al. 2012 ).
Sample Collection
Pre-drill groundwater samples were collected between August 2010 and April 2014 by independent environmental consultants representing two oil and gas operators. Samples were collected after the water well had been purged at a steady rate (commonly between 3 and 5 gallons per minute) for approximately 15 min or until stabilization of field parameters (i.e., conductivity, pH, and temperature) was achieved as measured by a handheld multiparameter meter (e.g., YSI flow-through cell). Water samples were collected at the closest access point to the wellhead, which included the spigot at the wellhead or before the pressure/treatment tank, the spigot at the base of the pressure tank (most common), or from the sink tap within the residence. Water quality samples were collected after reducing the flow to approximately 0.5 gallons per minute or less. Dissolved gas samples were collected by directly filling 40 mL VOA (volatile organic analyte) vials from the tap or polyethylene tubing connected to the access point. All water samples were analyzed by state-certified commercial laboratories (i.e., Eurofins Lancaster, Quantum, ALS Environmental, TestAmerica, and MicroBac Laboratories) for concentrations of dissolved methane, key redox indicator parameters (i.e., NO 3 -, Mn(II), Fe(II), and SO 4 2− ), and the following major cations and anions: Na + , Ca 2+ , K + , and Mg 2+ , Cl-and SO 4 2− . In addition, alkalinity (total or bicarbonate) was analyzed in 1483 of the 1549 samples. In addition, alkalinity (total or bicarbonate) was analyzed in 1483 of the 1549 samples. At all laboratories, dissolved gas concentrations were analyzed using a GC-FID (gas chromatography-flame ionization detector) and a modified version of the U.S. EPA Method RSK-175, under which laboratory-specific modifications may include the method of sample extraction and/or calibration. (Comparison of the methane concentrations reported by different state-certified laboratories is the focus of an ongoing Marcellus Shale Coalition research project, Vitale et al. 2015 .) Isotopic analyses of methane and ethane were not performed. Water samples were typically analyzed for total rather than dissolved metal concentrations (i.e., not filtered prior to acidification and analysis). Only samples with reported turbidity less than 10 NTU were included in this study. For samples satisfying this criterion, no correlation between turbidity and measured iron concentration was observed (Figures S1A and S1B).
Data Compilation
The study dataset of 1549 samples was developed from a larger pre-drill database (>10,000 samples) according to the following screening criteria: (1) for samples with all major cations (Ca 2+ , Mg 2+ , Na + , K + ) and anions (Cl − , SO 4 2− , HCO 3 − ) reported, those exceeding a charge balance of ±10% were excluded; and (2) when multiple pre-drill samples were available from the same water well, the sample with the highest methane concentration was used for the study. For samples where methane was not detected (70% of samples), methane concentrations were assumed to be equal to one-half of the detection limit, which ranged from 0.05 to 26 μg/L. For this study, substitution of one-half of the detection limit was determined to be reasonable and convenient for purposes of graphical and statistical analyses without introducing undue bias, given that elevated methane concentrations of concern (i.e., [CH 4 ] >1000 μg/L) were up to five orders of magnitude greater than the analytical detection limits.
Classification of Topographic Location
The topographic location of each water well was defined as either "valley" or "upland" using the Topography Position Index (TPI) (Jenness 2006) . The TPI classification calculates a "slope position" for each water well based on the difference between the cell elevation and the average elevation of cells in the surrounding area. A positive slope position represents a location that is higher than its surroundings (i.e., upland), while a negative slope position indicates a location that is lower than its surroundings (i.e., valley).
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Classification of Water Type
Water type was initially determined using the relative concentrations in milliequivalents per liter of major cations (Ca 2+ , Mg 2+ , Na + , K + ) and anions (HCO 3 − , SO 4 2− , and Cl − ) according to the nine characteristic water types identified by Deutsch (1997) (i.e., Ca-HCO 3 , Ca-HCO 3 -Cl, Ca-Cl, Ca-Na-HCO 3 , Ca-Na-HCO 3 -Cl, CaNa-Cl, Na-HCO 3 , Na-Cl, and Na-HCO 3 -Cl). For this study, these characteristic water types were consolidated into three general water types, namely Ca-rich, Ca-Na mixed, and Na-rich water, based on the dominant cation(s) ( Figure S2A and S2B). Water type was not classified based on chloride concentration (e.g., Warner et al. 2012; Darrah et al. 2014) , as the correlation between methane and the sodium/calcium ratio was observed to be stronger than that between methane and chloride in this dataset (Tables S2A  and S2B , Figure S3A and S3B). In addition, due to elevated Br detection limits (e.g., 200 μg/L), the Cl/Br ratio did not provide a meaningful classification for this dataset.
Classification of Groundwater Redox Condition
Redox conditions in groundwater are commonly a function of microbial processes that utilize available electron acceptors to oxidize organic molecules. The use of these electron acceptors tends to proceed sequentially in the order of the oxidation potential, where available O 2 is consumed first, followed by NO 3 − , Mn(IV), Fe(III), SO 4 −2 , and CO 2 (Table S1A and S1B). Reduced by-products of these reactions include N 2 , Mn(II), Fe(II), S −2 , and CH 4 . Previous redox classification frameworks (e.g., McMahon and Chapelle, 2008) have relied on measurements of the following soluble electron acceptors and reaction by-products to determine the prevailing redox process: O 2 , NO 3 − , Mn(II), Fe(II), and SO 4 −2 . In this study, a modified redox classification scheme was developed that is tailored to residential water well data collected for pre-drill sampling. Specifically, dissolved O 2 (D.O.) concentrations were not considered to be reliable because most of the water samples were reported to be greater than 0.5 mg/L (the threshold commonly cited for anaerobic conditions), despite the presence of other water quality parameters consistent with highly reduced conditions (i.e., high Fe(II), high methane). Thus, D.O. concentrations were not considered. Given the nature of water supply well sampling, we suspect that O 2 measurements were either artificially elevated due to air entrainment associated with the use of residential water pumps or inaccurately measured by field instrumentation.
Consequently, our initial redox classification approach relied upon measurements of the following four soluble ions: NO 3 − , Mn(II), Fe(II), and SO 4 −2 . Based on the expected consumption of electron acceptors in the order of energy yield, we initially divided our redox conditions into 10 different categories (Table S3) . Within these categories, we expected samples with combined low NO 3 − , high Mn(II), high Fe(II), and low SO 4 −2 to represent the most reducing conditions, and therefore contain the most elevated methane concentrations. Indeed, samples from northeastern Pennsylvania that met these criteria (far right category on Figure 2A median and 90th percentile methane concentrations (i.e., 5300 and 20,400 μg/L, respectively). In fact, regardless of Mn(II) or Fe(II) concentration, samples with low NO 3 − and low SO 4 −2 concentrations exhibited similarly elevated methane concentrations in northeastern Pennsylvania ( Figure 2A ) and western Pennsylvania, Ohio, and West Virginia ( Figure 2B ).
This finding departs from expectations of many redox schemes, wherein high Fe(II) is considered an indicator of conditions that have progressed through iron reduction into sulfate reduction or methanogenesis. Given the similarity in methane distributions between groups of samples that exhibit low NO 3 − and low SO 4 −2 , samples exhibiting these conditions were combined into a single group (where Mn(II) and Fe(II) concentrations were not a discriminating factor). As shown in Table 1 and Figure 3A and 3B, our modified redox classification scheme is comprised of four conditions named on the basis of the observed concentrations of NO 3 − or SO 4 −2 with respect to the threshold value: (1) High NO 3 − , (2) Low NO 3 − , (3) Low NO 3 − & SO 4 −2 , and (4) Mixed. "Mixed" conditions represent environments where the redox process cannot be clearly identified, potentially due to the mixing dynamics within the well, flowpath, or aquifer.
In the development of this modified classification scheme, threshold concentrations for NO 3 − , Mn(II), Fe(II), and SO 4 2− were consistent with the redox framework developed by McMahon and Chapelle (2008) impractical for this dataset, and the threshold level for characterization of SO 4 2− was adjusted to 2.5 mg/L (corresponding one-half of the prevailing analytical detection). For nondetect measurements, concentrations were assumed to be equal to one-half of the detection limit. No samples had a NO 3 − , Mn(II), Fe(II), or SO 4 2− detection limit greater than twice the selected threshold values.
Statistical Analyses
A nonparametric Mann-Whitney U test was used to compare methane concentrations in samples exhibiting different water types and redox classifications. A multifactor analysis of variance (ANOVA) was used to evaluate the relationship between environmental factors and methane concentration. However, because the methane data are not normally distributed, we also fit a logistic regression model to the data by dichotomizing methane values into those less than 1000 μg/L and those greater than or equal to 1000 μg/L. Likelihood ratio tests were then used to evaluate which environmental factor, or combination of factors, best fit the model (i.e., best predicted natural methane concentrations greater than 1000 μg/L).
Results and Discussion
High Methane Concentrations Are Associated with Low NO 3 − and Low SO 4 2− , but Not High Fe(II) The fact that elevated methane was present in groundwater even when Fe(II) concentrations were low (<0.1 mg/L) suggests that, in the study areas, either (1) naturally occurring high methane concentrations are commonly present in certain flowpaths with low levels of iron(III)-oxide minerals, or (2) any Fe(II) generated by iron reduction in groundwater was removed from solution by sorption or precipitation with sulfides generated from sulfate reduction (Pyzik and Sommer 1981; Chapelle and Lovley 1992; Chapelle et al. 1995; He et al. 2009 He et al. , 2010 . Regardless of the driving mechanism, the fact that high Fe(II) concentrations are not uniquely associated with the higher methane concentrations suggests that consideration of Fe(II) as an important indicator of highly reducing conditions should be used with caution in certain hydrogeologic settings.
The clear association of methane with Low NO 3 − & SO 4 2− conditions ( Figure 3A and 3B) suggests that in-well mixing and gas-phase transport of methane, if present, do not significantly alter the expected relationship between methane and more reducing conditions in residential water wells in the study areas. As an alternative explanation, if the wellbore is being fed by multiple flowpaths, one of which contains elevated methane, the presence of elevated methane may rapidly drive reducing conditions within the wellbore as a whole (e.g., within the timeframe in which the resident uses at least one well volume of water).
Association of Methane with Na-Rich Waters and Valley Settings
In both datasets, methane concentrations were strongly associated (p < 0.001) with Na-rich waters, where water wells with Na-rich water exhibited a significantly higher 90th percentile concentration (18,350 and 6650 μg/L for the datasets from northeastern Pennsylvania and western Pennsylvania, Ohio, and West Virginia, respectively) than water wells with Ca-rich waters (90th percentile values <26 μg/L for both datasets) ( Figure S4B ). Methane concentrations were also associated with valley water wells, although the difference between methane concentrations in valley and upland water wells was markedly less pronounced and primarily in the upper range of concentrations (i.e., 90th percentile methane concentration of 2240 and 108 μg/L in valley water wells for the datasets from northeastern Pennsylvania and western Pennsylvania, Ohio, and West Virginia, respectively vs. <26 μg/L in upland water wells for both datasets) ( Figure S4A ).
Co-Occurrence of Low NO 3
− & SO 4 −2 Conditions, Na-Rich Waters, and Valley Setting
To evaluate whether these three environmental factors associated with naturally elevated methane concentrations simply represent common underlying relationships, we assessed the co-occurrence of different water types, redox conditions, and topographic settings within the 1549 samples.
In both datasets, Na-rich waters and Low NO 3 − & SO 4 2− conditions occur more commonly in valley water wells than upland water wells ( Figure S5A ). Specifically, Na-rich waters are present in 14% and 15% of valley water wells in datasets from northeastern Pennsylvania and western Pennsylvania, Ohio, and West Virginia, respectively, vs. 8% and 9% of upland water wells in both areas. In addition, Low NO 3 − & SO 4 2− conditions are present in 20% and 16% of valley wells in northeastern Pennsylvania and western Pennsylvania, Ohio, and West Virginia, respectively, vs. 2% and 0% of upland wells. Conversely, upland water wells contain a higher percentage of Ca-rich waters (81% and 80% of upland water wells in the two datasets, respectively) and High NO 3 − samples (40% and 29% of upland water wells, respectively) than valley water wells ( Figure S5B ). It follows that Na-rich waters also contain the highest percentage of samples exhibiting Low NO 3 − & SO 4 2− conditions (39% and 25% of Na-rich water samples for the two datasets). By comparison, only 1% or less of Carich water samples in both datasets exhibit Low NO 3 − & SO 4 2− conditions ( Figure S5C ). The fact that all three factors commonly co-occur suggests that they are, to a certain degree, related to the same underlying phenomenon. The co-occurrence of these factors is consistent with both the presence of confined groundwater flowpaths (which are characterized by slower moving water) and/or the mixing of freshwater with deeper saline water or brine. In either scenario, without limited access to oxygen and recharge water, the development of Highly reducing conditions may be expected in the presence of an organic substrate. Conversely, the prevalence of High NO 3 − conditions in upland water wells is likely related to the presence of groundwater-recharge areas characterized by more rapid groundwater flow and increased transport of oxygen and nitrate (Freeze and Cherry 1979) . Na-rich waters may also be associated with either scenario, where both progressive cation exchange (whereby sodium is exchanged for calcium and magnesium in mineral exchange sites) and mixing of freshwater with saline groundwater or deep brine would enrich the sodium concentration of groundwater. The fact that valley settings contain a greater proportion of wells with both Na-rich water and Low NO 3 − & SO 4 2− conditions suggests that certain valley water wells are preferentially accessing groundwater with a longer residence time, potentially related to the presence of deposits of confining glacial drift and alluvium in valleys (Heisig and Scott 2013) and/or the prolonged circulation of groundwater from upland recharge zones (Molofsky et al. 2013; Siegel et al. 2015b) . Additionally, thinner fresh water lenses in valleys may result in increased mixing with deeper saline or brine waters, and enhanced valley fracture networks may serve as natural migration pathways for this saline/brine water (Kresse et al. 2012; Warner et al. 2012; Heisig and Scott 2013; Molofsky et al. 2013; Darrah et al. 2014; McPhillips et al. 2014) .
Although all three factors are commonly present together, it is important to note that they do not exclusively co-occur. A multifactor ANOVA analysis was conducted to assess whether these three factors (i.e., water type, topographic location, and redox condition) provide individual predictive power regarding natural methane concentration. Evaluating both datasets separately, using either the full datasets or just the samples with detectable methane concentrations, a multifactor ANOVA indicated that there was a statistically significant relationship between each factor and methane concentration (p < 0.01 for each factor). Since the methane data were not normally distributed, we also compared logistic regression models to assess whether the use of any one or two factors (e.g., water type and topographic location) provided the same predictive power for natural methane concentrations equal to or greater than 1000 μg/L as an additive model using all three factors together (i.e., water type, topographic location, and redox condition). Evaluating both datasets separately, models using all three environmental factors were found to provide a better fit to the logistic regression model describing the log-odds of reported natural methane concentrations greater than or equal to 1000 μg/L. Both analyses (multifactor ANOVA and a likelihood ratio test of logistic regression models) suggest that elevated natural methane concentrations are better predicted using all three factors than any one or two factors alone.
When considered in isolation, of the three factors, topographic location is the least predictive of methane concentrations above 1000 μg/L. Specifically, valley and upland water wells exhibited median methane concentrations lower than 10 μg/L in both datasets. The primary difference between valley and upland water wells is apparent in the upper-end methane concentrations, where the 90th percentile methane concentrations in valley water wells were 2240 and 108 μg/L for datasets from northeastern Pennsylvania vs. western Pennsylvania, Ohio, and West Virginia, respectively ( Figure 4A ). This suggests that knowing the topographic location of a water well only provides, at most, an approximate 10% chance of predicting methane concentrations of 2000 μg/L or more in northeastern Pennsylvania. However, in combination with information on water type or redox condition, the topographic location provides critical additional information regarding the expected occurrence of elevated methane concentrations. This is illustrated in Figure 4B , which shows that although Na-rich waters exhibit elevated methane concentrations both in valley and upland water wells, Na-rich waters in valley water wells display the highest range of methane concentrations in both datasets (90th percentile methane = 21,500 and 6900 μg/L in the datasets from northeastern Pennsylvania and western Pennsylvania, Ohio, and West Virginia, respectively) . Similarly, Low NO 3 − & SO 4 2− redox conditions exhibit elevated methane concentrations both in valley and upland water wells, but display the highest methane concentrations in valley water wells ( Figure 4C ). Of the 107 samples from both datasets with methane concentrations greater than 1000 μg/L, 98% (105 of 107 samples) were associated with at least one of the three factors (i.e., Na-rich water, Low NO 3 − & SO 4 2− redox conditions, and valley setting), 89% (95 of 107 samples) were associated with at least two of the three factors, and 53% (57 of 107 samples) were associated with all three factors. Samples associated with all three factors exhibited a median methane concentration of 10,000 μg/L. For comparison, in the population of 1442 water well samples with methane concentrations less than 1000 μg/L, 50% (726 of 1442 samples) were associated with at least one factor, 3% (47 of 1442 samples) were associated with at least two factors, and 0.1% (2 of 1442 samples) were associated with all three factors. The median and 90th percentile methane concentrations of samples exhibiting each natural risk factor and combinations of factors are shown in Figure 5 .
Similarities Between Datasets from Northeastern Pennsylvania and Western Pennsylvania, Ohio, and West Virginia
Despite being separated by at least 200 miles and different primary aquifers, the two datasets evaluated in this study exhibit remarkably similar relationships between methane and redox conditions, water type, and topographic setting. The dataset from western Pennsylvania, Ohio, and West Virginia does, as a whole, exhibit lower methane concentrations than the dataset from northeastern NGWA.org L.J. Molofsky et al. Groundwater Pennsylvania. Regardless of the differences in the range of methane concentrations, the fact that both datasets demonstrate similar associations between methane and the three environmental factors considered in this study suggest that these factors may inform the natural occurrence of methane throughout the Appalachian Basin.
Implications Application of Environmental Factors to Discerning Natural Methane Variability from Stray Gas Incidents
Characterizing a pre-drill water well sample according to topographic location, water type, and redox condition can provide valuable information to distinguish between natural variations in water quality vs. changes related to impacts from oil and gas extraction activities. A few of the ways in which this information may be applied during pre-drill and post-drill sampling are as follows:
1. Within a geographic area of interest, evaluation of a baseline dataset according to the three principal environmental factors can define the characteristic range of methane concentrations associated with each factor and combinations thereof. For example, in the dataset evaluated in our study, Ca-rich waters predominantly exhibit low methane concentrations regardless of topographic location ( Figure 4B ) or redox condition ( Figure 4D ). In fact, of the 107 samples that exhibit methane concentrations higher than 1000 μg/L, only three samples (3%) displayed a Ca-rich water type. In comparison, of 1442 water well samples with methane concentrations lower than 1000 μg/L, 1189 samples (82%) exhibited a Ca-rich water type. This suggests that naturally elevated methane concentrations are unlikely to occur in Ca-rich groundwater.
2. Highly reducing conditions may be the product of both natural methane occurrence (i.e., where both methanogenesis and the oxidation of shallow thermogenic methane can drive reducing conditions) and a stray gas release (where the oxidation of thermogenic or microbial methane that is not naturally present drives reducing conditions). Thus, the redox condition alone cannot discriminate between natural vs. anthropogenic methane sources. However, in combination with information on the water type, the redox condition can lend meaningful insight as to the driver behind changing methane concentrations. For example, if an increase in methane is accompanied by both a change in redox (e.g., from High NO 3 − to a Low NO 3 − & SO 4 2 redox condition) and a change in water type (e.g., from Carich to Ca-Na Mixed waters), it could be related to differential mixing of water within the wellbore, as opposed to a stray gas release. 3. The characterization of the principal environmental factors may enable a better understanding of the duration of a stray gas impact in an individual water well. For example, a water well with Na-rich water and Low NO 3 − & SO 4 conditions, as determined by baseline measurements, is more likely to contain groundwater originating from a longer flowpath already depleted of available electron acceptors. If this water well were to experience a new influx of methane gas, the resulting elevated methane concentrations may persist for an extended period as a result of the restricted ability of the methane to advect out and/or biodegrade. In contrast, a water well with Ca-rich water and High NO 3 conditions, corresponding to shorter flowpaths and/or higher recharge rates, is more likely to experience methane that dissipates comparatively quickly. 4. The three principal environmental factors identified as predictive of natural methane concentrations in this study (topography, water type, and redox condition) can be easily determined during pre-drill and postdrill sampling through simple measurements of (1) water source coordinates (valley vs. upland) and (2) the following 10 common water quality analytes that provide information on groundwater origin, dominant geochemical processes, and electroneutrality balance for data quality assurance: Ca 2+ , Mg 2+ , Na + , K + , HCO 3 − , SO 4 2− , Cl − , NO 3 − , Fe(II), and Mn(II) (where filtration is recommended for metals analysis in the presence of elevated turbidity). Based upon this short list of analytes (Table 2) , the water type can be determined and the redox condition characterized using the modified system presented in our paper. Baseline monitoring programs for shale gas operations often consist of a much longer list of water quality parameters; however, the value of these additional parameters for discriminating between naturally occurring methane and stray gas impacts has not been clearly demonstrated. Our research suggests that focusing on the three environmental factors discussed in this paper may provide a simple and cost-effective method for assessing the likelihood that elevated methane concentrations in a water well are naturally occurring vs. related to stray gas migration.
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